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http:WHAT THIS PAPER ADDS?
Screening for peripheral arterial disease (PAD) is usually based on Doppler-derived measurement of ankle
ebrachial index. Currently, reliable measurement of toe pressures is limited to vascular laboratories. However,
approximately 20% of all patients referred for distal pressure measurement have normal ankleebrachial index
but reduced toeebrachial index, and thus PAD according to international guidelines. In this article, we have
performed a diagnostic accuracy study of a new method for detection of PAD by toe pressures and found
suitable diagnostic characteristics. Implementation of this new approach to PAD screening could improve the
possibility for intervention at an early stage of arteriosclerotic disease.Objective: To assess the accuracy of a fully automated portable device (APD) for diagnosing peripheral arterial
disease (PAD) by measuring the toeebrachial index (TBI) and using mercury-in-silastic, strain-gauge
plethysmography (SGP) as reference.
Design: Prospective, randomised, double-blinded diagnostic accuracy study.
Materials and methods: A total of 204 consecutive patients with known or suspected PAD were randomly
assigned to measurement of TBI by the portable device followed by the SGP technique or the opposite sequence.
Finally, ankleebrachial index (ABI) was assessed by SGP.
Results: The APD showed a sensitivity of 98.8%, a speciﬁcity of 61.0%, a positive predictive value of 91.0% and
a negative predictive value of 92.6% for detecting PAD compared to a full SGP test comprised of ABI and TBI.
According to the SGP test, 35 patients (17.2%) had an ABI > 0.90 but a TBI < 0.70. Correlation analysis of the
absolute toe pressures by the two methods showed an intraclass correlation coefﬁcient of 0.937 (95% conﬁdence
interval (CI) 0.887e0.962) for right toe pressures and 0.939 (95% CI 0.908e0.958) for the left toe pressures.
Conclusions: The APD showed excellent diagnostic test characteristics for detecting PAD compared to SGP.
Furthermore, the APD had a good correlation in absolute toe pressures with SGP.
 2012 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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techniques, Diagnostic testPeripheral arterial disease (PAD) induces a broad spectrum
of clinical conditions ranging from asymptomatic disease to
critical limb ischaemia.1 According to inter-society consensus
criteria, PAD can be diagnosed by an ankleebrachial index
(ABI)  0.90 or a toeebrachial index (TBI) < 0.70.2 Anrresponding author. C. Høyer, Department of Clinical Physiology,
Regional Hospital, Heibergs Allé 4, DK-8800 Viborg, Denmark.
il address: ch@hst.aau.dk (C. Høyer).
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//dx.doi.org/10.1016/j.ejvs.2012.09.022abnormal ABI is a well-described predictor of increased risk
of cardiovascular disease and death.3 PAD screening is
predominantly performed by Doppler-based methods, which
may overestimate ankle pressures in patients with vascular
stiffness (e.g., diabetes and chronic kidney disease), leading
to the misclassiﬁcation of PAD.4 In contrast, the distal pedal
arteries are less susceptible to calciﬁcation, which makes the
TBI useful.2 TBI measurement by current methods requires
a cumbersome and expensive setup using techniques such as
segmental plethysmography, which is usually limited to
vascular laboratories. Generally, TBI assessment is reserved
for patients with suspected vascular stiffness.5 Various
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measurement of toe pressures or PAD screening to primary
care.6e8 A novel, portable photoplethysmographic device
(APD) based on a fully automated algorithm for calculation
of toe pressure has previously shown good correlation with
absolute toe pressures compared to laser Doppler ﬂow-
metry.9 However, the method has not been tested for
diagnosis of PAD on a patient basis. Mercury-in-silastic
strain-gauge plethysmography (SGP) is an established
method for measuring segmental blood pressure, and it is
well validated by correlating to intra-arterial pressure and
angiographic ﬁndings.10 This study evaluated the accuracy of
the new portable device (index test) for diagnosing PAD by
toe pressures using SGP as a reference test.
MATERIALS AND METHODS
Design
Prospective, randomised, double-blinded diagnostic accu-
racy study following the recommendations of STARD11 and
Cochrane DTA12 for diagnostic accuracy studies.
Recruitment of patients
During a predeﬁned period of 2 months from 1 September
to 31 October 2010, all patients referred to our vascular
laboratory for distal blood pressure measurements were
invited to participate. The cohort was comprised of in
patients and out patients with known or suspected PAD. If
a patient was referred more than once during the trial
period, only the data from the ﬁrst referral were used. The
eligibility criteria were age >18 years and mental capacity
for complying with the study procedures. Patients were
excluded if time constraints interfered with the study
procedure. Finally, the Central Denmark Region Committees
on Biomedical Research Ethics required that the patients
had no less than 3 h upon receiving and reading the letter
of invitation to consider participation in the study. The study
protocol was approved by the Central Denmark Region
Committees on Biomedical Research Ethics (M-20100136)
and the Danish Data Protection Agency (2007580010).
Demographics
Patient demographics, medication and medical history were
obtained by a questionnaire. The patients’ medical ﬁles
were reviewed for prior vascular surgery. The presence of
diabetes, chronic kidney disease and hypercholesterolaemia
was classiﬁed based on biochemical data and patient
records.
Experimental procedure
The patients rested in a supine position for at least 15 min
prior to the measurements. Adequate limb temperature
was provided by heating the lower extremities with heating
overlays (Action Shear Smart, Action Products Inc.,
Maryland, USA) at 35e40 C. Room temperature was kept
stable at an average of 24.2 C (0.5). Toe pressures were
measured by the index test and reference test in both limbsby two different operators blinded to the results of the
other test. In the case of amputations or inability to apply
the cuff to the ﬁrst toe, measurements were performed on
the second toe using both methods. All patients were
randomised in blocks of four (opaque, sealed envelopes) to
determine which test would be used ﬁrst. Following the
measurement of toe pressures by the index and reference
tests, ankle pressures were assessed by SGP in all patients.
All measurements for each technique at each measuring
site were made in duplicate. The reproducibility criterion
was two measurements with no more than 10 mmHg of
difference. If the pressure difference was >10 mmHg,
another measurement was performed and accepted if two
pressure readings 10 mmHg were encountered. A
maximum of ﬁve measurements was performed at each
site. An average of the two accepted measurements was
used to calculate the regional pressure. The distal limb
temperature of the ﬁrst toe was measured at each site and
during each test using an infrared thermometer (TN1
thermometer, Electronic Temperature Instruments Ltd.,
Worthing, UK). The operators were 13 laboratory technol-
ogists who routinely perform distal blood pressure
measurements. Their experience with SGP ranged from 1.5
to 28 years (mean 5.9 years). All of the technologists
received supervised training with the APD before conduct-
ing the study.
Diagnostic criteria
PAD was diagnosed by ABI  0.90 or TBI < 0.70.2 Findings
of a toe pressure <30 mmHg or an ankle pressure
<50 mmHg in addition to the presence of chronic ischaemic
rest pain, ulcers or gangrene (Fountaine IIIeIV) deﬁned
critical limb ischaemia (CLI).2
Brachial blood pressure
Brachial blood pressures were measured in the supine
position using an automated device (digital blood pressure
monitor, UA-852, A&D Instruments, Abingdon, UK). The
blood pressure was measured in both arms, and the side
with the highest systolic pressure was selected as the
reference for ABI and TBI calculations. The brachial pressure
was acquired simultaneously with all separate measure-
ments of toe and ankle pressures.
Measurements with the index test
The automated photoplethysmographic device (SysToe,
Atys Medical, Soucieu-en-Jarrest, France) was used as the
index test as shown in Fig. 1. This device uses a photo-
pletysmographic sensor which allows detection of blood
volume by measuring changes in light absorption in eryth-
rocytes upon illumination of the skin. A 120  25 or
90  15 mm pneumatic occlusion cuff was placed on the
base of the toe (proximal cuff). The sensor was positioned
on the toe pulp with two-sided adhesive tape and covered
by another pressure cuff (distal cuff).9 Upon initiation of an
automated sequence, the distal cuff was inﬂated to empty
the vascular bed of the toe. After 5 s, the proximal cuff was
Figure 1. Measurement of TBI by the automated pressure device.
The device includes a proximal pressure cuff and a distal cuff with
a photosensor (A). After inﬂating to 300 mmHg, inﬂux of eryth-
rocytes is monitored continuously during deﬂation. The automatic
algorithm converts the change in light absorption to a toe pressure
value, in this case 124 mmHg (B).
C. Høyer et al. 59automatically inﬂated to 300 mmHg, followed by a rapid
deﬂation of the distal cuff. During the automatic deﬂation
of the proximal cuff (3 mmHg s1), the photosensor
detected the inﬂux of erythrocytes when the segmental
pressure superseded the pressure in the proximal cuff. The
APD measures one limb at a time and uses a software
algorithm that automatically calculates the toe pressures.
Measurements with reference test
A Digitmatic DM2000 (Medimatic A/S, Hellerup, Denmark)
was used for the SGP with measurements of both limbs
conducted simultaneously. A mercury-in-silastic strain gauge
was wrapped around the pulp of the toe for all SGP
measurements. For the toe pressure measurements,
appropriately sized pneumatic occlusion cuffs (ranging 90e
130  15e25 mm) were placed at the base of the toe. Prior
to ﬁlling the occlusion cuff, a 10 s manual pressure was
applied to the pulp of the toe to empty the vascular bed.
For the ankle pressure measurements, occlusion cuffs
ranging 290e420  120 mm were used, and the lower
limbs were elevated 50e70 cm 30 s prior to inﬂation to
reduce the peripheral blood volume. The deﬂation time for
the occlusion cuff (average 3 mmHg s1) and the sensitivitywere adjusted appropriately by the primary observer
according to the institution’s practice.
The SGP curves were re-analysed after the experiment
was ﬁnalised following a period of at least 3 months. Two
independent observers rated the curves with no informa-
tion on patient history, signs or symptoms. It was not
permitted to make any marks or notes on the SGP curves
during the sampling that could interfere with the subse-
quent blinded re-evaluation of the measurements. The
pressures were assessed by reading the curves to the
nearest 1 mm of mercury. If one of the two SGP readers
deemed a segmental curve-set unacceptable, this dataset
was rejected.
Time consumption and pain assessment
The time to complete a measurement was deﬁned as the
period from the placement of the cuffs to the termination
of the test session with that method. Following each
measurement, the patients were asked to assess the level of
regional pain in each toe or ankle induced by the
measurement using a 11-point numerical rating scale (0e
10, where 0 denotes no pain and 10 maximum pain).13
Statistical analysis
The data are presented as the mean  standard deviation.
Correlation was assessed by the interclass correlation
coefﬁcient (ICC). Difference-mean (BlandeAltman) plots
were constructed to assess the discordance in the range of
pressures. A paired t-test was used to compare the means
of the variables of the two techniques. A p-value <0.05 was
considered to be statistically signiﬁcant. Statistical analysis
was performed using PASW software version 18.0 (SPSS
Inc., Chicago, IL, USA).
RESULTS
Patients
During 2 months, a total of 204 patients were recruited
(77% of the invited patients). The patient ﬂowchart is pre-
sented in Fig. 2. Because the study procedures were per-
formed in patients referred for routine measurements,
some patients were excluded due to lack of time to conduct
the additional APD examination. A notable number of
patients were excluded due to the time criterion of 3 h
required by the ethical committee. Patient demographics
and clinical information are displayed in Table 1. The limb
temperatures averaged 31.4C  2.5 during the toe pres-
sure measurements with no difference during the index or
reference tests.
Rate of completion
Among the 204 patients, ﬁve patients had lower limb
amputations leaving 201 right and 202 left limbs eligible for
segmental pressure assessment (Fig. 2). Ankle blood pres-
sures were not measured in a few patients due to recent
vascular surgery. All patients had successful toe pressure
measurements by both methods in at least one limb. Of the
Figure 2. Flow diagram showing patient recruitment. *) Not performed due to recent vascular surgery.
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pressures in accordance with our reproducibility criteria in
400 (99.2%) limbs, and SGP was able to measure toe
pressures in 402 (99.8%) limbs.PAD diagnosis
Of the 204 patients, PAD was diagnosed using SGP in 161
patients (78.9%) and using APD in 177 patients (86.8%) based
on TBI measurements. A total of 159 patients (77.9%) were
classiﬁed as having a TBI< 0.70, and 25 patients (12.3%) had
a normal TBI according to bothmethods, leading to an overallagreement in diagnostic classiﬁcation in 184 patients
(90.2%). Two patients (0.9%) had a TBI < 0.70 according to
APD alone, and 18 patients (7.8%) had a TBI< 0.70 according
to SGP only. When adding the ABI from the SGP measure-
ments to diagnose PAD, two patients were re-classiﬁed from
non-PAD to PAD. These two patients had a TBI < 0.70, as
measuredby APD. A total of 35 of 204 patients (17.2%) had an
ABI> 0.90 but a TBI< 0.70 asmeasured by SGP.Thirty-four of
the 35 patients also had TBI < 0.70 as measured by APD.
Fourteen of these patients were suspected of vascular stiff-
ness based on a history of diabetes or chronic kidney disease,
or ABI > 1.40.
Figure 3. Receiver operator characteristics (ROC) curve for various
APD cut-off values versus a full SGP examination.
Table 1. Patient demographics and clinical characteristics.
Total n ¼ 204
Male/Female 119/85
Age (years) 69.0  11.7
Caucasian 204 (100%)
BMI [kg/m2] 26.7  4.8
BP systolic [mmHg] 143.1  19.8
BP diastolic [mmHg] 75.6  10.9
Diabetes 64 (31.4%)
Chronic kidney insufﬁciency 34 (16.7%)
Hypertension 135 (66.2%)
Hypercholesterolaemia 145 (71.1%)
Smokers, current 69 (33.8%)
Smokers, former 106 (52.0%)
BMI > 25 kg/m2 129 (63.2%)
Prior lower limb revascularisation
Total 68 (33.3%)
<1 month 12 (5.9%)
Amputations
Toe 6 (2.9%)
Lower limb 5 (2.5%)
Symptoms
Fontaine I 28 (13.7%)
Fontaine II 103 (50.5%)
Fontaine III 39 (19.1%)
Fontaine IV 34 (16.7%)
Department of referral
Vascular Surgery 153 (75.0%)
General Practitioners 35 (17.2%)
Other 16 (7.8%)
BMI: Body mass index, BP: brachial blood pressure. Values are
mean  SD or numbers (percentage) unless stated otherwise.
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the different diagnostic approaches are shown in Table 2.
A receiver operator characteristics curve for various APD
cut-off values versus a full SGP examination was con-
structed (Fig. 3). This showed excellent diagnostic char-
acteristics based on an area under the curve of 0.959. The
highest diagnostic accuracy was found using an APD cut-
off of TBI < 0.61, resulting in a sensitivity of 89.6% and
speciﬁcity of 87.8%. In addition, a TBI < 0.50 was indic-
ative of PAD diagnosed by the full SGP test (speciﬁcity of
100%).
SGP-derived ABI versus APD-derived TBI
A total of 128 patients (62.7%) had PAD according to
SGP-ABI of which 127 (99.2%) were conﬁrmed by the APD-
TBI. The PAD diagnosis was rejected by both techniques in
26 patients (12.7%). Fifty patients (24.5%) had an SGP-
ABI > 0.9 but APD-TBI < 0.70.Table 2. Test accuracy of the APD with SGP as reference test.
Sensitivity Speciﬁcity PPV NPV
TBI < 0.70 98.8% 58.1% 89.8% 92.6%
TBI < 0.70 or ABI  0.90 98.8% 61.0% 91.0% 92.6%
CLI 83.3% 97.8% 78.9% 98.4%
PPV: positive predictive value, NPV: negative predictive value. CLI
diagnosis is based on Fontaine III/IV as well as SGP toe pressures.Agreement in absolute toe pressures
Linear correlation plots (Fig. 4) and difference mean plots
(Fig. 5) were constructed for the toe pressures by SGP and
the APD. There was a close correlation between the abso-
lute toe pressures measured by the index and reference
tests, as demonstrated by an ICC of 0.937 (95% conﬁdence
interval (CI) 0.887e0.962) for the right toe pressures
(74.4  33.1 mmHg) and by 0.939 (95% CI 0.908e0.958) for
the left toe pressures (74.3  32.5 mmHg). Accordingly, the
ICC for the TBI was 0.934 (95% CI 0.886e0.959) for the right
limb (0.54  0.23) and 0.929 (95% CI 0.897e0.950) for the
left limb (0.54  0.23). On average, the APD produced
7.1  15.1 mmHg and 5.4  15.2 mmHg lower pressure
readings than the SGP for the right and left toe pressures,
respectively.
CLI diagnosis
A total of 18 patients (8.8%) had CLI according to SGP toe
pressures and Fontaine classiﬁcation, and 19 patients (9.3%)
according to APD. Based on the same criteria, the two
methods agreed with the diagnosis of CLI in 15 patients and
agreed in the rejection of the diagnosis in 182 patients.
Three patients (1.5%) were diagnosed with CLI by SGP toe
pressures only, and four patients (2.0%) had CLI according
to APD only. Taking ankle pressure measurements by SGP
into account, two patients had Fontaine IIIeIV and ankle
pressures <50 mmHg but toe pressures 30 mmHg. Those
two patients were thus re-categorised as having CLI, one of
which had CLI according to APD. Based on Fontaine classi-
ﬁcation and outcome of the two methods, there was an
overall agreement in the diagnosis of CLI/not CLI in 197
patients (96.6%) irrespective of inclusion or exclusion of
SGP ankle pressures. The sensitivity, speciﬁcity and predic-
tive values are listed in Table 2.
Figure 4. Linear correlation plots for toe pressures by SGP versus APD for the left (n ¼ 200) and right limbs (n¼ 199). The lines show line of
perfect correlation (full line) and linear regression (dotted line). The equations for the regression lines were SGP ¼ 0.86  APD þ 15.4
(R2 ¼ 0.81) for the left side and SGP ¼ 0.91  APD þ 13.9 (R2 ¼ 0.81) for the right side.
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The APD had a mean coefﬁcient of variance (CV) of 6.83%
for the absolute right toe pressure and 7.36% for the
absolute left toe pressure. A subgroup analysis of readings
from the different APD operators showed CV to vary from
3.34% to 14.06% for right side pressures and 4.01%e
11.67% for left side pressures. In comparison, the SGP had
a mean CV of 5.58% and 6.01% for the right and left toe
pressures, respectively. The number of measurements
required to generate a dataset that met our reproducibility
criterion was 2.4  0.8 measurements with the APD. The
corresponding ﬁgures were 2.4  0.7 for the SGP toe
measurements and 2.4  0.8 for the SGP ankle pressures.
Time and pain
The mean time (min:sec) for the APD examination was
12:24  3:17 per patient and 6:16  1:40 per limb. The time
to conduct dual toe SGP measurements per patient was
signiﬁcantly shorter than the APD examination (7:09  3:17;Figure 5. Difference-mean plots for the toe pressures by SGP versus APD
mean (full line)  2 SD (dotted line).p < 0.05). A full SGP examination of the toe and ankle
measurements lasted 15:16  7:18. The APD was less painful
(0.5  1.1) than SGP regarding the toe (1.3  2.2) or ankle
pressure measurements (2.0  2.3) (p < 0.05).
Non-eligible patients
The non-eligible patients (n ¼ 124) had a higher prevalence
of diagnosed PAD (90.3%) and lower average segmental
pressures (data not presented) mainly due to the low
inclusion rate of patients admitted with acute limb
ischaemia, and higher average age.
DISCUSSION
We have performed a diagnostic accuracy study in accor-
dance with STARD, and Cochrane DTA recommendations
using a consecutive patient cohort with a broad disease
spectrum. Our results showed good correlation of
segmental blood ﬂow measurements between the APD and
the SGP over a range of pressures, including patients withfor the left (n¼ 200) and right limbs (n¼ 199). The lines show the
C. Høyer et al. 63low pressures. Disease classiﬁcation showed a large degree
of agreement, suggesting excellent diagnostic characteris-
tics of the APD. The APD had a high sensitivity for detecting
PAD according to the TASC-II criteria, and a TBI reading
below 0.5 using the APD was indicative of corresponding
abnormal SGP ﬁndings. An APD 0.50  TBI < 0.71 would
require an additional test to establish the PAD diagnosis.
The APD is a fully automated device for measuring toe
blood pressure with a built-in software algorithm for
determining the pressure. We decided to test the validity of
the APD algorithm for all measurements without applying
the option of manual interpretation of the ﬂow proﬁle.
Using this approach, we evaluated the diagnostic potential
independent of operator experience. The APD was able to
perform measurements according to our reproducibility
criteria in 99.2% of the included limbs. As the measuring
sequence is fully automated, it offers an observer-inde-
pendent interpretation of the segmental pressure. In addi-
tion, in our study, the APD induced less pain and was less
time consuming compared to the SGP for measuring the TBI
and ABI.
An earlier study (PérezeMartin et al., 2010) has shown
acceptable testeretest variation using the same equipment
and found a good correlation with absolute pressures
compared to laser Doppler ﬂowmetry.9 However, this study
did not focus on PAD diagnosis on a patient basis but
absolute pressure comparisons, and it was conducted in
a selected population. In addition to the device tested in
this study, a number of other automatic and semi-automatic
portable devices based on photoplethysmographic princi-
ples have been developed for practical and cost-effective
toe-pressure measurements.6e8,14 These devices have all
been compared to standardised distal pressure assessments
with varying success. Generally, prior studies have failed to
follow recommendations for diagnostic accuracy studies as
outlined by STARD and Cochrane DTA, especially regarding
patient selection and disease classiﬁcation. The primary tool
for PAD screening, which is a Doppler-derived measurement
of ABI, has a low rate of success for toe-pressure
measurements.15
The segmental pressures in this study were acquired
using a standardised laboratory setup, including pre-test
limb heating and a stable room temperature. Inadequate
limb heating leads to reduced toe pressures and disease
misclassiﬁcation.16 Nonetheless, the implementation of
low-cost TBI screening in primary or secondary care using
the APD seems plausible given the minimal observer
training required. Making pre-test limb heating and limb
temperature measurements standard prior to toe-pressure
assessment would be imperative to strengthen reproduc-
ibility in non-laboratory settings.
Screening is a major key for detecting early-stage
disease, which allows initiation of optimal medical treat-
ment and reducing modiﬁable risk factors for high-risk
patients.17 Current practical low-cost tools for PAD
screening in primary care or for bedside use include
clinical examination18 with pulse palpation,19 patient
history19 and Doppler-ABI.18,20 An abnormal ABI has beenproven to be a valid predictor of cardiovascular morbidity
and mortality.3 However, in patients with vascular stiff-
ness, there is a risk of overestimating the ankle pressures,
leading to disease misclassiﬁcation.4 In contrast, the distal
pedal arteries are less susceptible to media calcinosis,
which makes the measurement of toe pressures useful.6
In concurrence, the toe blood pressure measurement is
strongly endorsed by the TASC-II guidelines,2 and have
previously been shown to correlate well to angiographic
ﬁndings.10 An interesting observation is that 17.2% of the
patients in this study who were diagnosed as having PAD
according to the SGP-derived TBI had a normal ABI. As the
SGP method at our Department previously has been
shown to correspond to Doppler ABI, these patients
would likely be classiﬁed as normal based on ABI
screening only.21 This ﬁnding is in agreement with the
results from studies in patients with diabetes22 or chronic
kidney disease.23 Nonetheless, 60% of the patients with
a normal ABI but TBI < 0.70 in our study were not sus-
pected of having vascular stiffness based on the diagnosis
of diabetes, chronic kidney disease or ABI > 1.40. The TBI-
based APD method could potentially be used as an initial
test for identifying patients who need further diagnostic
vascular examination. This could lead to improved overall
screening for PAD and potentially detect high-risk patients
who remain undiagnosed by current standards.Study limitations
The patients recruited in this study had a higher prevalence
of PAD than would be anticipated in an age-matched
general population or in primary care.CONCLUSION
Using SGP as a reference, the APD showed high sensitivity
and acceptable speciﬁcity for detecting PAD. The APD could
be justiﬁed as a gatekeeper for further vascular diagnostics
with minimal observer training required. In addition, we
found a good correlation in absolute toe pressures for APD
and SGP. Nearly one in ﬁve patients had PAD according to
TBI measurements but not according to the ABI measure-
ments. This is a potential way to improve PAD screening and
diagnosis in a subgroup of high-risk PAD patients, who
remain undiagnosed by the current standards.CONFLICT OF INTEREST STATEMENT
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